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Abstract 

We discuss quark antiquark energies and the screening mass in hot QCD using 
the non-perturbative lattice approach. For this purpose we analyze proper¬ 
ties of quark antiquark energies and entropies at infinitely large separation of 
the quark antiquark pair at low and high temperatures. In the limit of high 
temperatures these energies and entropies can be related perturbatively to the 
temperature dependence of the Debye mass and the coupling. On the one hand 
our analysis thus suggests that the quark antiquark energies at (infinite) large 
distances are rather related to the Debye screening mass and the coupling than 
to the temperature dependence of heavy-light meson masses. On the other 
hand we find no or only liffle differences in all mass scales infroduced by us 
when changing from quenched fo 2-flavor QCD af femperafures which are only 
moderafely above fhe phase fransifion. 

1 The Debye screening mass 

Color screening has been considered as an imporfanf mechanism for deconfinemenl, and in fhis confexf, 
quarkonium suppression as signal for quark-gluon plasma production in heavy ion collision experimenfs 
mill- The femperafure dependence of fhe Debye screening mass, mD{T), provides an imporfanf mea¬ 
sure for fhe sfrengfh of fhe screening properfy of fhe QCD medium. Due fo difficulties when calculating 
fhe Debye mass in perturbation fheory af femperafures which are only moderafely above fhe phase fran¬ 
sifion femperafure (Tc), fhe calculafion of fhe screening mass has been fo large exfenf considered using 
fhe non-perfurbafive laffice approach. In fhis approach one usually discusses eifher fhe infrared limif of 
fhe gluon propagafor and/or fhe large disfance color screened Coulomb behavior of quark anfiquark free 
energies El a 13 El El H- We will discuss here fhe properly lhal fhe screening mass can also be related 
af asymptotic high femperafures fo fhe large disfance behavior of quark anfiquark energies and enlropies 
El Ea [mill- In particular, we conclude fhaf fhe finite values of fhe finite femperafure energies which 
are approached af (infinilely) large disfances are rafher related fo fhe femperafure dependence of fhe De¬ 
bye mass and fhe coupling fhan fo fhe femperafure dependence of masses of corresponding heavy-lighl 
meson systems. 

1.1 QQ Free Energy, Entropy and the Screening mass 

The presence of static color charges will polarize the medium and the parton density will change com¬ 
pared to the density distribution of the heat bath without containing static charges. In particular, the 
parton density is considered to rapidly increase in the close vicinity of the static charges and the energy 
and entropy which is needed to neutralize the additional charges will in general depend on temperature 
(T) and the distance (r) between the static charges. This property is illustrated in Fig. 1 (see also our 
discussion in Ref. In the limit of large distances (r ^ oo) the parton clouds can be considered 

as well separated (a). In this case the change in energy (free or internal energy) and entropy due to the 
presence of static charges in the heat bath will only depend on temperature^. While the change in free en¬ 
ergy at (asymptotic) large distances, Foo{T) = lim,._>oo Fi{r, T), is a steadily decreasing function with 

*Of course this property changes qualitatively in quenched QCD at temperatures below deconfinement where the confine¬ 
ment forces should be related to a string (which cannot break in quenched QCD) rather than to clouds (which can be separated). 
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Fig. 1 : Illustration of screening through the polarization of gluons in the medium (taken from Ref. 1131 1 : (a) At large distances 
(r oo) the gluon clouds which surround the static test charges are well separated. At smaller distances the clouds begin to 
overlap (b) and the geometric structure of the clouds will also depend on the separation between the test charges (c). 

increasing temperatures, the corresponding change in internal energy, Uoo{T) = —T‘^d{Fao/T)/dT, 
and entropy, Soo{T) = —dFoo/dT, behave more complicated as function of temperature fTtUfTSl . In 
particular, the energy and entropy which are needed to neutralize the static charges in the heat bath show 
a strong increase at temperatures close to the transition temperature and exhibit a sharp peak at the phase 
transition nollTSll . At high temperatures, however, the internal energy is continuously decreasing with 
increasing temperatures while the entropy vanishes slowly in the limit of high temperatures. This behav¬ 
ior is also expected at asymptotic high temperatures from perturbation theory (following ITOlfT^ i where 
the temperature dependence of F^ciT), Uoo{T) and Scx>{T) can be related to the Debye mass imD) and 
the coupling (a = /{Att)), i.e. 


Foo(T) ~ -^mD{T)a{T) , 

(1) 

UooiT) ~ 4mz5(r)a(r)M ~ -o(r/), 

9[T) 

(2) 

S^(T) ~ 

(3) 


where (5{g) denotes the QCD /^-function. These relations already indicate that it could be misleading 
to relate the large distance values of the finite temperature energies to the temperature dependence of 
masses of corresponding heavy-light meson systems. 

When going to smaller distances (r < oo), however, the parton clouds will overlap (see Fig. 1: b, 
c) and the finite temperature energies and the entropy will also depend on distance, i.e. Fi = Fi(r, T), 
Ui = Ui{r,T) and 5i = S'i(r, T). In this case high temperature perturbation theory suggests a color 
screened Coulombic behavior for the r-dependence of the free energy, i.e. 

6F,{r,T) = Fi(r,r)-Foo(r) ~ . (4) 

6 r 

In the limit of small distances (r —> 0), however, the quark antiquark free energy is given by the heavy 
quark potential, V (r), at zero temperature, Fi{r <C 1/T, T) ~ V(r). This property can be used to fix 
the finite temperature energies at small distances to the heavy quark potential. Once the free energy is 
fixed at small distances also the large distance behavior is properly determined, i.e. Foo(T) is properly 
fixed, and it can no longer be assumed that the finite temperature energies and the entropy approach zero 
at large distances |!9h 

1.2 Lattice Results 

We have calculated quark antiquark free energies as well as the corresponding internal energies and 
entropies at several temperatures below and above the deconfinement phase transition using the non- 
perturbative lattice approach in quenched (THU^D and 2-flavor QCD |8l[i0in4l. Above Tc, we extracted 
the Debye mass, mD{T), using a best fit analysis of the color singlet free energy with a color screened 
Coulomb form at large distances with respect to Eq. (0. Here, we may also define certain mass scales. 
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/^Foo (T) and (T), by using Eqs. dUEll, Le. we use the temperature dependence of the large distance 
plateau values of the free energy (Fqo) and entropy (Soc) and define 

X Foo(r) , i,s^{T) ^ X TS^{T) . ( 5 ) 

In the limit of high temperatures both, (T) and /r5^ (T), are expected to characterize the temperature 
dependence of the Debye mass, mj:){T). 

Of course, both mass scales defined in (EJi will depend on fhe proper definition of fhe coupling 
which enfers © and is used fo fix and Assuming vanishing quark masses in QCD, 

we fix /Uf^(T) and /rSoo(^) using fhe femperafure dependence of fhe 2-loop running coupling in fhe 
M5-scheme, 



where we used Tc/Aj^ = 1.14(4) (ni[^ in quenched (Nf = 0) and Tc/Aj^ = 0.77(21) fT^I^ 
in 2-flavor {Nf = 2) QCD. In bofh cases, quenched and 2-flavor QCD, we fixed fhe renormalization 
scale fi fo be 27r. Despife fhe dependence of fhe mass scales infroduced in © from fhe definifion of fhe 
coupling, (T) will also depend on fhe fixing of fhe heavy quark pofenfial af zero temperafure, V (r), 
which is used for renormalization of fhe free energy and could add an overall consfanf confribufion fo 
Foo(T'). Here and in whaf follows we fixed fhe heavy quark pofenfial as described in Refs. (9||^. Our 
resulfs for fhe differenf mass scales (T) and (T) are shown in Fig. 2 as funclion of femperafure, 
T/Tc, for quenched (filled symbols) and 2-flavor QCD (open symbols) af femperafures ranging from 
up fo femperatures abouf 5.5Tc. We also compare in fhaf figure /Uf^(T) and fo fhe femperafure 

dependence of fhe Debye mass, mD{T), recenfly obfained in quenched ||7^ and 2-fiavor QCD (Si]. 

Following fhe discussions of fhe Debye mass in Refs. OlIHll. '<tid{T) is abouf 500 MeV af femper¬ 
afures close above fhe phase fransifion and continuously increases wifh increasing femperafures fo abouf 
2000 MeV af 4Tc. In facf, fhe sfeadily increasing Debye mass can be well described wifh a perfurbafive 
inspired ansafz. 


moiT) = ANf^l + ^ g{T)T , ( 8 ) 

allowing for a non-perfurbafive overall mulfiplicafive correcfion, and using for fhe femperafure 

dependence of fhe coupling, g{T), fhe perfurbafive 2-loop running coupling given in Eq. ® and a renor¬ 
malization scale /i = 27r. For femperafures moderafely above fhe fransifion one finds — 1-51(2) 

in quenched [71 and An ^=2 — 1.42(2) in 2-flavor QCD pSi]. The latfer esfimafe for moiT) in 2-flavor 
QCD is shown in Fig. 2 as solid lines (including fhe error on ^jV/= 2 )- We again sfress here (see also our 
discussion of fhe screening mass and lengfh in Refs. [(SlEllSl) we see no or only liffle differences be- 
fween m£)(T) calculafed in quenched and 2-flavor QCD in fhe enfire femperafure range shown in Fig. 2. 
A differenf discussion concerning fhis issue has recenfly been given in Refs. 1^1^ . 

We also show in Fig. 2 fhe femperafure dependence of fhe mass scales giF^{T) and /X 5 ^(T) ob¬ 
fained from fhe infinife large disfance values of fhe quark anfiquark free energy and entropy. At low 
temperatures, i.e. temperatures below 3Tc, /^^^(T) indicates negative values while it changes sign at 
about 3Tc and continuously increases with increasing temperature. In fact, below 3Tc the value which 
is approached by the free energy at large distances, Foo{T), is still positive and thus may indicate a 
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Fig. 2: The Debye screening mass, moiT), obtained in quenched (filled circles) (7) and 2-flavor QCD (open circles) 0 as 
function of T/Tc. To convert m_D(T) to physical units we used Tc = 270 MeV for quenched and Tc = 202 MeV for 2-flavor 
QCD. The lines indicate a best-fit analysis of the perturbatively inspired ansatz for moiT) in 2-fiavor QCD (see Ref. O 
for further details). We also show here lattice results for the different mass scales (T) and fj,s^ (T) introduced in the text 
(see Sec. 1) obtained in quenched (filled symbols) and 2-flavor QCD (open symbols). 

temperature regime which is not quite accessible with leading order perturbation theory, i.e. the lead¬ 
ing order approximation given in Eq. Q does indicate a misleading sign for Foo(T) in this temperature 
regime (below STc). At low temperatures it thus makes no sense to identify UFoai'^) with a scale that 
characterizes the Debye mass. The mass scale, however, which is obtained from the finite values of the 
quark antiquark entropy, /i5oo(^)> shown in Fig. 2 for quenched (filled squares) and full QCD 

(open squares) and does not depend on the fixing of C(r). At temperatures close above the deconfine¬ 
ment phase transition fiSao (^) approaches unexpected values about 3000 MeV. It, however, rapidly drops 
below 1500 MeV already at temperatures about twice as large than Tc and than starts to increase with 
increasing temperatures as expected in perturbation theory for a mass scale that might mimic the tem¬ 
perature dependence of the Debye mass. In particular, at temperatures larger than 2Tc the mass scales 
(T) and mD{T) become of similar magnitude in the entire temperature range analyzed here. Again, 
when comparing our results for and obtained in quenched and 2-flavor QCD we find 

no or only little differences at temperatures which are only moderately above the transition. 

2 Summary 

The present status of our analysis of the quark antiquark free energy, internal energy and the entropy 
at finite temperature concerning Debye screening effects suggest the following two statements (see also 
Refs. |8l[^|Dl): (i) It might be misleading to relate the large distance values of the finite temperature 
energies to the mass dependence of the corresponding heavy-light meson systems; in particular, the 
temperature dependence of Foo{T) and Uoo{T) might be rather related to the temperature dependence of 
the Debye mass and the coupling, (ii) The large differences between Debye screening effects observed 
in Refs, ll^ |23l when changing from quenched to 3-fiavor QCD are not apparent in any of the scales 
analyzed here when changing from quenched to 2-flavor QCD at temperatures which are only moderately 
above the transition temperature. 
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